The seaweed fly, Coelopa frigida, is polymorphic for an inversion on chromosome I. Heterozygotes show higher viability than either homozygote. A series of crosses between lines derived from two geographically distant populations indicates that a significant component of selection is due to the deleterious effects of recessive alleles. Selection at the karyotypic level, if present, is relatively weak.
INTRODUCTION
Chromosomal inversion polymorphisms are often subject to strong selection pressures despite the fact that the only direct effects of the inversion are a change in gene order, and suppression of recombination in heterozygotes (Dobzhansky, 1971) .
Two types of explanation have been proposed to account for this selection. The two sequences may accumulate different sets of mutations that have recessive deleterious effects, or are overdominant such that structural homozygotes will, on average, be less fit than heterozygotes (Sturtevant and Mather, 1938; Ohta, 1971) . Alternatively, the suppression of recombination may hold together complexes of interacting genes that together are adapted to components of the environment-that is, there is "coadaptation" (Dobzhansky, 1950) .
These models, which are in no sense exclusive, are referred to as the "genic" and "karyotypic" hypotheses by Wasserman (1968) . He further suggests that if several different coadapted combinations of genes exist within one arrangement in a population, then homozygotes will suffer an extra disadvantage due to disruption of these combinations by recombination. This he calls the "supergenic" level of selection.
Circumstantial evidence from the geographical distribution of inversions, dines, seasonal cycles and long-term frequency changes, tends to support * Present address: School of Biological Sciences, University of East Anglia, Norwich, NR4 7TJ the karyotypic selection model at least for Drosophila pseudoobscura and persimilis (Dobzhansky, 1970) . More direct evidence in favour of coadaptation came from the results of inter-population crosses in D pseudoobscura.
Chromosomes of different arrangements from the same population showed heterosis, and reached stable equilibria in population cages. Chromosomes from geographically separated populations did not show heterosis, and the outcome of population cage experiments was unpredictable (Dobzhansky, 1950; Pavlovsky, 1953, 1958) although in some cases stable equilibria were reached and heterosis developed (Dobzhansky and Levene, 1951) . These results are explicable if the inversions hold together different coadapted combinations of alleles in separate populations, but cannot easily be explained on the genic hypothesis. However, there was the possibility that heterosis was due to an interaction with the genetic background, rather than a property of the inverted region itself, and that the mixed background of the inter-population crosses was the cause of the loss of heterosis. Dobzhansky (1950) (Wasserman, 1968 , 1972 Wasserman and Koepfer, 1975 . They used crosses between inbred lines from a single population in each case. In D suhobscura for the LIST and U12 arrangements there was a large karyotypic effect, and a small but significant supergenic effect. For the AR and PP arrangements in D pseudoobscura only a karyotypic effect was detected. In neither case was there any evidence for a genic effect. From a theoretical point of view, it seems likely that some degree of epistasis is necessary for the establishment of a new inversion (Charlesworth and Charlesworth, 1973) , but that genic selection is capable of maintaining an inversion polymorphism (Franklin and Lewontin, 1970 (Dobzhansky, 1970) .
We describe here results of an investigation into the selection acting on an inversion polymorphism in the seaweed fly Coelopafrigida (Diptera: Coelopidae). The a and /3 sequences of the first chromosome in C. frigida occur at stable frequencies in all populations so far studied in northern Europe (Butlin et a!., 1982a) , although there may be seasonal (Butlin, 1983) and clinal variation (Day et a!., 1982) within very narrow limits. Heterozygotes are nearly always found in excess of Hardy-Weinberg expectations in natural populations and show higher viability than either horn ozygot e under laboratory conditions, especially at high larval densities (Butlin et al., 1984) . The karyotypes also differ in egg to adult development time and adult size (Butlin et al., l982b) . A polymorphism at the alcohol dehydrogenase locus (Adh) is associated with the inversion polymorphism (Day eta!., 1982) . Of the five known Adh alleles, Adh-A and Adh-E are rare, Adh-B is almost always found on the a sequence and Adh-D on the /3 sequence, while Adh-C may be associated with either sequence.
We have constructed crosses within and between lines derived from widely separated natural populations, and have estimated the genotype frequencies, viabilities and development times in the various sets of progenies. The results point towards a genic rather than a karyotypic basis for heterosis. MATERIALS 
AND METHODS
The general approach was to derive a series of lines from each of two widely separated populations which were isogenic with respect to Adh, and thus for most, if not all, of the genes within the inversion. The lines were then crossed both within and between populations to produce Fl and F2
generations. The egg to adult viability and, in some cases, the development times of the offspring, were measured.
Derivation of lines
The lines were derived from collections of larvae made at St Mary's Island, Tyne and Wear (Ord- The mode of derivation of these lines means that they were isogenic for Adh. However, they
were not necessarily fixed for other loci within the inversion because some of the X alleles were on the same arrangement as the Y allele and recombination was, therefore, possible. However, all alleles present in a /3 line must have been present on the /3 arrangement in the original population. The lines were also inbred to varying degrees and as a result showed some reduction in viability (Butlin 1983 ).
Procedure for crosses
Males and virgin females were collected from stock lines and from Fl crosses by standard techniques (Butlin, 1983) . They were used to establish the experimental replicates as follows. From one to five pairs in the appropriate combination were left to lay eggs overnight in a plastic canister (7.5 cm diameter, 65 cm deep) containing 3 cm depth of culture medium (Day and Buckley, 1980) . The eggs were counted before they hatched and the canister was then kept at 27°C in constant darkness. Emerging adults were collected daily and, where The following crosses were performed:
(a) Fl crosses between lines within the St Mary's Island population in cra x/3/3 and /3/3 Xf3,6
combinations, (Collins, 1978) .
RESULTS

Heterosis in the F2 and FX
The karyotypic and genic selection hypotheses make clearly distinct predictions about the pattern of relative viabilities in the F2 and FX generations.
On the karyotypic hypothesis heterosis depends on the coadaptation of chromosomes from the same population. (Butlin et a!., 1984) .
Regression equations are given in table 2. Considering the F2 first, the effect of density was much more marked in the intra-than the inter-population crosses. However, the regression of a(3 frequency on density was not significant (F75=O92) and there were no significant differences between the two types of F2 in either the intercept (F175 = 08l) or the slope of the line (F175 x I 27, P> 020). The regression for the FX crosses had a lower intercept than the combined F2 (table 2: Ft = 476, P< OO5), but the slopes did not differ significantly (F11>4=O88). This confirms that there was no difference between inter-and intra-population F2 crosses, but that the proportion of heterozygotes in the FX crosses was lower than in the F2. In addition, the FX showed a greater effect of density than the F2 intra-population crosses, and the F2 inter-population crosses showed no significant density effect. The position of the intercept represents the hard, density-independent selection acting on homozygotes relative to heterozygotes. If this selection was karyotypic, then the FX and intrapopulation F2 crosses would show the same intercept. In addition, the inter-population F2 would show a lower intercept, close to 50 per cent (0.524 on the transformed scale). Alternatively, with genic selection, (see fig. 1 ) the inter-population F2 should show a slightly higher proportion of heterozygotes than the intra-population F2. This is because structural homozygotes are homozygous for most genes within the inversion in both cases, while inter-population structural heterozygotes will on average be slightly more heterozygous than intra-population a/3 individuals. In the FX, structural homozygotes have one chromosome from each population and so are much less homozygous than in the F2-on the genic hypothesis the FX should show less heterosis. Clearly, so far as hard selection is concerned, the results support the genic rather than the karyotypic mode of selection.
The slopes of the regressions on density represent the soft component of selection. In this case the results are more consistent with the expectations on the karyotypic selection hypothesis. Both the intra-population F2 and the FX crosses show a significant effect of density, while the inter-population F2 crosses do not. However, there are no significant differences among the slopes of the regressions for the three types of cross so that, if a karyotypic effect does exist it is weak compared with the genic effect.
Further evidence for a contribution of genic selection can be obtained from the /3/3 xf3/3 F2 crosses. On the karyotypic hypothesis, there is no reason to expect any difference between inter-and intra-population crosses of this type, or to expect, in either case, an excess of Adh heterozygotes. If there is genic selection, an excess of the Adh heterozygotes is expected, and this may be greater in the inter-population than in the intra-population crosses. In fact, both groups showed a slight, nonsignificant, excess of Adh heterozygotes, but there was no difference between inter-and intra-population crosses. The mean proportion of heterozygotes for the intra-population crosses was 0550+0025 and for the inter-population crosses was 0542± 0020.
It may be argued that the heterozygote excess in the a/3 F2 crosses is due to the fact that the aa and /3/3 homozygotes in these crosses have both chromosomes derived from the same line, and are thus homozygotes for most loci within the inversion. The heterozygosity within the inversion depends on the frequency of recombination within the inversion during the derivation of a line and on the amount of variation in the base population. However, it will certainly be much less than the variation between lines. In the FX, homozygotes do not have both chromosomes from one line and this might explain the lack of heterozygote excess. If this was the case, and the inversion had no effect on the distribution of deleterious recessive alleles, the /3/3 F2 crosses would show the same level of heterozygote excess as the a/3 F2 crosses because Adh homozygotes in the /3/3 crosses are homozygotes for most of the loci in the inversion, in the same way as chromosomal homozygotes in the a/3 crosses. In fact, the proportion of heterozygotes is significantly higher in the F2 a/3 than the F2 /3/3 (F1107=682, P<005) and does not differ between the F2 /3/3 and the FX(F149034). This means that two independently derived /3 chromosomes are more likely to share deleterious alleles than a /3 chromosome is to share deleterious alleles with an a chromosome. This is the basis of the genic selection hypothesis ( fig. 1) . Furthermore, the lack of difference between the FX and F2 /3/3 confirms the importance of genic relative to karyotypic effects.
Viability of the Fl crosses
It may also be possible to distinguish genic and karyotypic modes of selection in the Fl, although in this case the picture may be confused by effects on viability of loci outside the inversion, including coadaptation of the background genotypes of the two populations (Hedrick et a!., 1978) . The test is also less sensitive because the comparison is between viabilities in different monocultures, rather than between genotypes in the same segregating culture. Nevertheless, the karyo1ypic mode of selection would predict that the intrapopulation heterozygotes would have higher viability than the inter-population heterozygotes which would be similar in viability to the homozygotes. In contrast, the genic hypothesis would predict that heterozygotes would have higher viability than homozygotes and that inter-population homozygous crosses would have higher viability than intra-population homozygous crosses.
The mean viabilities are given in table 3. There was no significant effect of density on viability in the range used. Neither karyotype (F1g2 = 336, P>005) nor population (F182=057) had any (Butlin and Day, 1984) . The regressions of egg to adult development time (using replicate means on a logarithmic scale) on the initial number of eggs have been examined for the af X a F2 crosses (table 4) . Within the inter-and intra-population groups the pattern was similar. The slopes-that is the effect of density on development time-did not differ between sexes or karyotypes, but the aa and csf3 males had consistently longer development times than the f3f3
Development Time in the F2 males and females of all karyotypes. This confirms previous observations (Butlin and Day, 1984) , and suggests that the two populations do not differ markedly in the effects of the chromosomal arrangements on development time. However, while the inter-and intra-population groups did not differ in their intercepts, the slopes for the inter-population group were always less than for the intra-population group (P <005, sign test). This difference is consistent with the explanation proposed for the heterozygote excess in interand intra-population crosses. It was suggested that the density independent advantage to heterozygotes in the inter-population crosses was due to genie effects-probably homozygosity for deleterious recessives in the structural homozygotes. This selective mortality may well be around the time of hatching. If so, it would have the effect of reducing larval density in the later instars where most of the effect on development time is experienced. Conversely, in the intra-population crosses there was less density-independent mortality, and more density-dependent mortality. The latter probably results from competition between the karyotypes, with the coadapted heterozygote being at an advantage. Competition would produce mortality late in larval life or in the pupal stage, and so would not reduce the effective larval density with respect to development time. Thus the interpopulation crosses are expected to show shorter development times than the intra-population crosses, especially at high densities. This is the observed pattern.
In summary, the measurements of heterosis in the F2 and FX crosses strongly indicate that a 576 f l94** Significance levels: P <005, ** P <001, P <000).
major part of selection is operating at the genic level. The results from the Fl crosses do not allow us to reach any conclusion, but the analysis of development times supports the interpretation of density-independent genie selection and densitydependent karyotypic selection.
DISCUSSION
Individuals heterozygous for the two arrangements of chromosome I in Coelopa frigida have higher viability than either homozygote both in the laboratory and in the field (Butlin et aL, 1982a (Butlin et aL, , 1984 . This is probably the major selective force maintaining the polymorphism, although inversion frequencies are also influenced by sexual selection, and selection on development time , Butlin et al., 1982b . The results presented here suggest that the viability selection is principally due to genic, rather than karyotypic, selection. This is a density-independent effect due to homozygosity for recessive deleterious alleles.
There may also be a density-dependent component due to coadaptation of genes within the inverted region. The latter results in heterozygotes that are better competitors than either homozygote. This interpretation is consistent with the earlier observations that, on the one hand, there is some heterozygote excess even at very low, non-competitive, larval densities, and on the other, that the excess is greater under conditions of intense larval competition (Butlin et a!., 1984) .
A mixture of karyotypic and genic modes of selection is to be expected for an inversion polymorphism. Epistatic interactions are necessary for the establishment of a new inversion, but once established, an inversion will accumulate deleterious recessive alleles (Charlesworth and Charlesworth, 1973) . It is surprising then that this seems to be the first report of a significant contribution of genic selection. The reason may be that in order to detect the contributions of genic and karyotypic selection to viability, it was necessary to examine the relationship between viability and larval density. Previous experiments have generally used only a single larval density.
It is also important to recognise that viability selection is just one component of the selection on an inversion polymorphism. Most inversions have many and varied phenotypic effects, and are subject to selection in many ways (Dobzhansky, 1970 (Dobzhansky, , 1971 . It is essential to study the contributions of genic and karyotypic effects to selection on a wider range of characters and in a wider range of species before making generalisations about the way in which inversion polymorphisms are maintained.
